Because all neutron stars share a common equation of state, tidal deformability constraints from the compact binary coalescence GW170817 have implications for the properties of neutron stars in other systems. Using equation-of-state insensitive relations between macroscopic observables like moment of inertia (I), tidal deformability (Λ) and stellar compactness, we derive constraints on these properties as a function of neutron-star mass based on the LIGO-Virgo collaboration's canonical deformability measurement, Λ1.4 = 190 +390 −120 . Specific estimates of Λ, I, dimensionless spin χ, and stellar radius R for a few systems targeted by radio or X-ray studies are extracted from the general constraints. We also infer the canonical neutron-star radius as R1.4 = 10.9 +1.9 −1.5 km at 90% confidence. We further demonstrate how a gravitational-wave measurement of Λ1.4 can be combined with independent measurements of neutron-star radii to tighten constraints on the tidal deformability as a proxy for the equation of state. We find that GW170817 and existing observations of six thermonuclear bursters in low-mass X-ray binaries jointly imply Λ1.4 = 196 +92 −63 at the 90% confidence level.
I. INTRODUCTION
The macroscopic properties of neutron stars, like masses, radii, and tidal deformabilities, are highly sensitive to the nuclear microphysics of the stellar interior. Nonetheless, relations between pairs of these observables are often remarkably insensitive to internal structure: while a neutron star's properties depend individually on the extremematter equation of state, certain combinations of them effectively do not. Several nearly equation-of-state independent relations among neutron-star observables have been studied under the designation of approximate universal relations (see Ref. [1] for a review). These include I-Love-Q relations between the moment of inertia I, the tidal deformability (or Love number) Λ and the rotational quadrupole moment Q [2, 3] ; effective no-hair relations among the lowest few multipole moments [4] [5] [6] ; and binary Love relations linking the tidal deformabilities Λ 1,2 of the members of a binary system [7, 8] . Neutron-star universality has been proposed as a tool for constraining observationally inaccessible properties [1] , enhancing gravitational-wave parameter estimation [8, 9] , reducing uncertainty in electromagnetic radius measurements [10, 11] , and testing general relativity (see Ref. [12] for a review), among other applications.
The equation-of-state insensitivity of the relations connecting a single neutron star's various properties is thought to arise from an emergent symmetry in strongly gravitating stars [13] . This kind of universality can be used to translate a measurement of e.g. a neutron star's tidal deformability into a determination of the same star's moment of inertia with percent-level error [2] . In conjunction with the assumption that all neutron stars share a common equation of state-a consequence of fundamental nuclear many-body physics-one can moreover establish approximate universal relations between the properties of different neutron stars, like the binary Love relations. The relations need not be restricted to members of a binary system; measurements of one neutron star have implications for the properties of all other cold, β-equilibrated neutron stars in the universe.
Indeed, identical universal relations with comparably small dispersion hold whether the neutron stars are composed of hadronic, quark [2] or two-phase hybrid hadron-quark [14, 15] matter. We caution, however, that neutron-star universality is violated by nonbarotropic equations of state, such as those describing young, hot neutron stars [16, 17] , and by the presence of strong stellar magnetic fields, like those associated with magnetars [18] ; inferences derived from universal relations are therefore valid for weakly magnetized isolated neutron stars long after formation and binary neutron stars long before merger. Furthermore, universality appears to be broken by certain non-standard equations of state with strong phase transitions [19] [20] [21] [22] . Disagreement between universal-relation based predictions and direct measurements of astrophysical neutron stars could thus be a signature of such equations of state.
The universal I-Love relation and a specially adapted binary Love relation were combined by Ref. [23] to infer the moment of inertia of PSR J0737-3039A, the primary component of the double pulsar, with ≈ 30% accuracy based on tidal deformability constraints from GW170817 [24, 25] . We extend this technique to make general inferences about the properties of neutron stars, placing bounds on tidal deformability, moment of inertia and radius R as a function of stellar mass M via universal binary Love, I-Love and I-compactness relations. 1 We take the constraint Λ 1.4 = 190 +390 −120 (median and symmetric 90% confidence interval) on the canonical deformability of a 1.4 M neutron star established by Ref. [25] as our primary observational input. Their study assumed a common equation of state [9] and reprised the initial GW170817 parameter estimation of Ref. [24] , which found Λ 1.4 ≤ 800 at 90% confidence, assuming small neutron-star spins, by performing a Bayesian analysis of the gravitational-wave strain data recorded by Advanced LIGO [27] and Virgo [28] . The original parameter estimation results were also combined with priors on the equation of state from parametric piecewise-polytrope [29] and perturbative QCD [30] models to obtain the constraints Λ 1.4 ∈ [120, 1504] (allowing for first-order phase transitions) and Λ 1.4 > 375 (95% confidence, assuming purely hadronic composition), respectively. Similarly, Ref. [31] used updated parameter estimation results from Ref. [32] with a broad non-parametric equation-of-state prior to find Λ 1.4 = 160
+448
−113 (maximum a posteriori and highest-posterior-density 90% confidence interval). 2 We present general tidal deformability, moment of inertia, and radius bounds associated with these constraints for comparison with those derived from Ref. [25] .
Refs. [32, 33] also measured neutron-star tidal deformability with GW170817, but they reported the chirp deformabilityΛ rather than the canonical deformability Λ 1.4 . The former is a mass-weighted average of the tidal deformabilities of the neutron stars involved in the coalescence, and is therefore specific to the event GW170817; the latter is a generic constraint on the equation of state that is more easily incorporated in our universal relations. Likewise, multimessenger parameter estimation studies of GW170817 and its electromagnetic counterpart, combining gravitational-wave and kilonova observations, yielded intriguing constraints onΛ [34] [35] [36] , in addition to other macroscopic observables [37] . The conclusions of Refs. [32, 33] are similar to those of Ref. [25] , favoring a relatively soft equation of state, while the multimessenger analyses indicate a preference for a somewhat larger tidal deformability, corresponding to a slightly stiffer equation of state consistent with the findings of Ref. [29] .
Besides gravitational-wave measurement of the tidal deformability, masses and radii have been measured for a variety of pulsars and binary neutron stars via radio and X-ray astronomy. However, only a handful of simultaneous mass and radius measurements exist [38] . Even the most precise of these, obtained by fitting spectra for accretion-powered thermonuclear bursts on the surface of neutron stars in low-mass X-ray binaries, may be affected by substantial systematic errors [39] . Nonetheless, we extract radius estimates for six bursters studied by Ref. [40] from our general constraints, and find that they are consistent with the corresponding electromagnetic measurements. In the cases we consider, the universal-relation based constraints on R turn out to be more precise than the direct radius measurements themselves, after accounting for the uncertainty in the burster masses.
Additionally, we estimate moments of inertia for a few short-period double neutron stars whose relativistic periastron advance may be measurable with next-generation radio observatories, like the Square Kilometre Array [41] . Future direct measurements of I can be compared to these gravitational-wave predictions to test the universality of the equation of state [23] . We perform a similar moment-of-inertia calculation for millisecond pulsars of known mass. Using their measured angular frequencies Ω, we compute their dimensionless spins χ := cIΩ/GM 2 to be O(0.1). For the fastest spinning pulsars in double neutron star systems, we find instead χ ∼ 0.01, in keeping with conventional expectations [42, 43] .
In anticipation of more accurate neutron-star radius measurements from the NICER observatory [44] , we demonstrate how the binary Love, I-Love and I-compactness relations can be combined into an effective R(M, Λ 1.4 ) relation that is insensitive to the equation of state. This derived relation can be employed to place multimessenger constraints on tidal deformability using gravitational waves from binary neutron star mergers in conjunction with radius measurements from X-ray binaries. Taking simultaneous mass and radius measurements for the six thermonuclear bursters as our input, we tighten the GW170817-derived bounds on canonical deformability to Λ We describe our universal-relation based inference of neutron star properties below. The equations of state used to compute the relations are presented in Sec. II, with the piecewise polytrope representation we adopt detailed in Appendix A. The binary Love, I-Love and I-compactness fits are introduced in Secs. II A-II C. Sec. III explains our inference method. The results of the inference for general neutron-star observables, as well as for specific systems, are presented in Secs. IV A and IV B, respectively. Multimessenger constraints on neutron star tidal deformability are calculated in Sec. V. Lastly, we discuss our findings in Sec. VI.
II. UNIVERSAL RELATIONS
To infer the tidal deformabilities, moments of inertia, and radii of astrophysical neutron stars from gravitationalwave observations, we require universal relations linking each of these properties to the canonical deformability deduced through Bayesian parameter estimation [24, 25] . The desired I-Love, binary Love, and I-compactness relations have been computed elsewhere, but for consistency in modeling the error in the fits we recompute the latter two here with the fiducial set of equations of state used in Ref. [23] . We also specialize the binary Love relation of Ref. [7, 8] to our purposes. We therefore briefly recapitulate our choice of equations of state, and our calculation of sequences of neutron-star observables, before presenting the specific fits employed for the universal relations.
Ref. [23] computed the I-Love relation and a binary Love relation between Λ 1.4 and PSR J0737-3039A's tidal deformability using a collection of 53 unified equations of state from relativistic mean-field (RMF) theory and SkyrmeHartree-Fock (SHF) theory. The equations of state, plotted in Fig. 1 , are consistent with studies of the bulk properties of finite nuclei and infinite nuclear matter near nuclear saturation density, as well as the observational lower bound on the neutron-star maximum mass [46] , which we conservatively take as 1.93 M . The set includes RMF models with hyperonic npeµY matter, in addition to hadronic RMF and SHF npeµ-matter models, and spans a wide range in stiffness and phenomenological behavior. Although none of these equations of state include quark matter, as per the Introduction, we expect the universal relations for purely hadronic stars to hold to the same level of accuracy for quark stars and two-phase hadron-quark hybrids. A complete listing of the equations of state is given in Sec. 2 of Ref. [23] , and we adopt the same set for our calculations here.
The neutron-star observables are determined by integrating the equations of stellar structure for a choice of equation of state and central density. Specifically, the Tolman-Oppenheimer-Volkoff equations [47, 48] fix the stellar mass and radius, Hartle's slow-rotation equation [49] sets the moment of inertia, and the field equation for the quadrupolar tidal perturbation governs the tidal deformability [50] . A stable sequence of neutron stars is obtained from successive choices of central density such that the resulting masses span from 1 to 1.93 M . (For consistency, we truncate every sequence at 1.93 M , even if the equation of state can support a more massive star.) For the purpose of these integrations, we adopt a piecewise polytrope representation of the equation of state [51] . This phenomenological parameterization is commonly used in astrophysics and gravitational-wave astronomy because it accurately reproduces with four parameters the neutron star properties one would calculate from a tabulated version of the equation of state. (1), (3), (5) and (8) We determine the accuracy of the piecewise polytrope fits to the RMF and SHF equations of state in Appendix A, and list the best-fit parameter values in Table V .
A. Binary Love relation
We calculate a binary Love relation between the tidal deformability of a 1.4 M star and that of a star of mass M by performing a three-dimensional fit to (M, Λ 1.4 , Λ) data for a stable sequence of neutron stars with each of the 53 equations of state described above. Expanding in canonical deformability and stellar mass, we posit a functional form
for the relation and perform a least-squares fit for a mn . The resulting coefficients are listed in Table I . Projections of the fit surface into the M -Λ plane are superimposed on the underlying neutron-star data in Fig. 2 , which also shows the fit residuals
The residuals are calculated in the full three-dimensional space, but are projected into the M -Λ plane in the plot.
The maximum residuals as a function of mass can be approximated by
with the coefficients b n given in Table I ; for simplicity, we suppress the Λ 1.4 -dependence of the residuals in our representation of the dispersion. The function ∆Λ(M ) is used to model the errors in the fit (1). Specifically, denoting the best-fit tidal deformability relation from Eq. (1) as Λ fit , we take ∆Λ Λ fit to be half the width of the symmetric, two-sided 90% confidence interval of a Gaussian distribution
centered on Λ fit that characterizes the uncertainty in the relation due to its approximately universal nature. Here, σ Λ (M ) = ∆Λ(M ) Λ fit /1.645 is the standard deviation derived from the fractional errors ∆Λ(M ). The fractional errors are O(1%) near 1.4 M and rise to ≈ 50% at the high-mass edge of the relation. The binary Love relation (1) is similar to the one introduced by Refs. [7, 8] , but is specially adapted to our purpose. While the original binary Love relation effectively links Λ 1 (M 1 ) and Λ 2 (M 2 ) via the mass ratio M 2 /M 1 , assuming a common equation of state, ours essentially sets Λ 1 = Λ 1.4 by fixing M 1 = 1.4 M , and accordingly we use M 2 itself in place of the mass ratio M 2 /(1.4 M ). Moreover, Refs. [7, 8] use the combinations Λ s = (Λ 1 + Λ 2 )/2 and Λ a = (Λ 1 − Λ 2 )/2 in place of the individual tidal deformabilities to improve the universality of the fit. Doing the same would unnecessarily complicate our inference, as a closed-form expression for Λ 2 cannot be obtained from a log-log polynomial fit for (Λ s , Λ a ). In any case, the dispersion in our modified binary Love relation is nearly as small as in the original formulation. 
B. I-Love relation
We adopt the I-Love relation from Eq. (7) of Ref. [23] directly, as it was computed with the same set of equations of state considered here. The coefficients of the log-log polynomial fit
for the dimensionless moment of inertiaĪ := c 4 I/G 2 M 3 as a function of tidal deformability are given in Table I . The fit, the (Λ,Ī) data, and the residuals
can be seen in Fig. 4 of Ref. [23] . The maximum residuals are approximately constant over the relevant range of Λ, amounting to no more than 0.6% error. We therefore take this value to define the half-width of the 90% confidence interval of the Gaussian uncertainty in the fit, modeled in the same manner as above, such that
with σĪ = ∆ĪĪ fit /1.645.
C. I-compactness relation
Our universal relation between the dimensionless moment of inertia and the stellar compactness C := GM/c 2 R is based on a similar one from Ref. [52] . Quasi-universal I-compactness relations predate the I-Love-Q relations in the literature [11, [53] [54] [55] , but generally exhibit a lesser degree of equation-of-state independence [1, 56] . Ref. [52] discovered that the relation's universality could be enhanced by using the normalizationĪ = c 4 I/G 2 M 3 for the dimensionless moment of inertia, as in Refs. [2, 3] , rather than the conventional definition I/M R 2 . Hence, theirs is the version of the I-compactness relation we calculate here; however, we fit for the inverse relation, namely C(Ī).
Taking (Ī, C) data for our stable sequences of neutron stars, we perform a least-squares fit to the model
displaying the resulting coefficients in Table I . The fit and the residuals
are shown alongside the underlying neutron star data in Fig. 3 . The maximum residuals are roughly constant as a function ofĪ, so we take the maximum value of 3% to define the half-width of the 90% confidence interval about the mean of the Gaussian distribution describing the error in the relation,
with σ C = ∆C C/1.645.
III. INFERENCE SCHEME
Equipped with the distributions (4), (7) and (10) describing the probabilistic mappings defined by the universal relations, we can translate a gravitational-wave measurement of Λ 1.4 into constraints on neutron stars' tidal deformabilities, moments of inertia, spins and radii. Our inference of these observables is described in general terms here; we apply it to the observational input from GW170817 in the following section.
We suppose that P (Λ 1.4 | GW), the posterior probability distribution for the canonical deformability given a gravitational-wave observation GW, is known. The target of our inference is taken to be a neutron star for which a mass posterior P (M | EM) is available from electromagnetic observations EM. (The case of general constraints on neutron-star properties, absent a specific target system, is treated separately below.) The posterior distributions from the independent gravitational-wave and electromagnetic measurements serve as priors for our inference of the target's properties.
Firstly, the posterior distribution P Λ (Λ| EM, GW) for the target's tidal deformability, conditioned on the gravitationalwave and electromagnetic observations, is computed by marginalizing the binary Love relation over the two priors:
The posterior distribution for the target's dimensionless moment of inertia can then be calculated via the I-Love relation as
by marginalizing over the tidal deformability. The posteriors for the moment of inertia I = G 2Ī M 3 /c 4 and the dimensionless spin χ = GĪM Ω/c 3 follow by a change of variables and a marginalization over mass:
When inferring χ, we assume that the neutron star's rotational frequency Ω is known exactly. From Eq. (12), we can also infer the posterior distribution for the target's compactness C = GM/c 2 R through
which makes use of the I-compactness relation and leads immediately to an inference of the target's radius via
In the event that the target's mass is known exactly, P (M | EM) reduces to a Dirac delta function in M and the mass marginalizations are trivial. Given the posterior distributions (11), (13), (14) and (16), we can compute the median value of Λ, I, χ and R for the target star and extract symmetric confidence intervals for each observable. General constraints on neutronstar properties, rather than inferences for a specific target system, can also be calculated by dispensing with the mass marginalizations altogether and computing the posterior distributions as a function of mass based on the gravitationalwave observation alone, i.e.
Here, we have defined P C M (C| M ; GW) := P (C|Ī)PĪ M (Ī| M ; GW) dĪ. By calculating confidence intervals about the median a posteriori for each value of mass in the domain, we can place constraints on the M -Λ, M -Ī, and M -R relations that govern all old, cold neutron stars in the universe.
IV. IMPLICATIONS OF GW170817 FOR NEUTRON STAR PROPERTIES
We apply the inference described above to astrophysical neutron stars, using GW170817-and, specifically, the measurement Λ 1.4 = 190 +390 −120 from Ref. [25] -as our observational gravitational-wave input. However, since only the median and symmetric 90% confidence interval for Λ 1.4 were reported in Ref. [25] , we must model the full posterior distribution P (Λ 1.4 | GW). In order to preserve the asymmetry evident in the confidence interval, we choose to represent it as a generalized beta prime distribution
with parameters p = 1, q = 0.934, α = 2.856 and β = 191.509, where Γ(z) is the gamma function. With these parameter selections, the distribution has the same symmetric 90% confidence interval as implied by the gravitationalwave measurement, and its median of 198 is only shifted mildly relative to the actual value. Thus, our model for P (Λ 1.4 | GW) closely reproduces the features of the measurement reported in Ref. [25] . Using this posterior probability distribution, we first infer general constraints on the M -Λ, M -Ī, and M -R relations, and then extract specific bounds for individual neutron stars of interest. Because our universal relations' fits and errors are based on data for M ∈ [1, 1.93] M , we focus on neutron stars with (median) M ≤ 1.93 M in this paper to avoid extrapolation insofar as possible.
A. General constraints
Following Eqs. (17)- (19), we calculate, as a function of mass, symmetric 90% confidence intervals about the median for each of the neutron-star properties attainable from the GW170817 Λ . Since these results are only shown for comparative purposes, we do not perform the full inference described in Sec. III. Rather, we simply map each Λ 1.4 constraint through the best-fit universal relations, accounting for uncertainty by inflating upper and lower bounds by a factor of the fractional error in the fit. In this way, we obtain conservative estimates of the alternative constraints' implications for neutron-star properties. As can be seen, Ref. [29] 's upper bound is stiff enough to allow all the reference equations of state. Meanwhile, depending on the analysis, the constraint's lower bound excludes a varying fraction of the region compatible with neutronstar universality. We note that the maximum a posteriori from Ref. [31] is omitted in the plots, as it is similar to the median from Ref. [25] .
B. Individual neutron stars
Next, we extract constraints on the properties of specific neutron stars of interest-primarily pulsars with wellmeasured masses from electromagnetic observations-following Eqs. (11)- (16) . In the literature, universal relations have been proposed as a tool for improving the precision of a measurement of neutron-star radius, spin, or moment of inertia [1, 60, 61] ; however, until recently [23] , the application has always involved translation of one observable (e.g. Λ) to another (e.g. I) for the same system. Here we use GW170817 to infer the properties of individual neutron stars in other systems. We compute their tidal deformabilities, moments of inertia and radii using the Λ 1.4 constraint from Ref. [25] .
Double neutron stars
We begin by inferring the tidal deformability, moment of inertia, and radius for the pulsar component of several short-period double neutron-star systems. Double neutrons stars in tight binaries are good candidates for an electromagnetic measurement of the stellar moment of inertia if radio pulses from one member of the system are detectable, as they can be used to determine the post-Keplerian parameters of the orbit with great precision [62] . In particular, a sufficiently precise measurement of the system's relativistic periastron advance can distinguish the part due to spinorbit coupling, which is proportional to the spin of the pulsar; knowledge of its angular frequency can then be used to extract the moment of inertia, which depends sensitively on the equation of state. No electromagnetic neutron-star I measurements exist at present, but they may be feasible with the Square Kilometre Array and other next-generation radio observatories [63] .
The best-studied candidate for a future moment of inertia measurement is the double pulsar, PSR J0737-3039 [64, 65] based on GW170817 and universal relations. We revisit the calculation here, ignoring the uncertainty of less than one part in 10 −3 in the pulsar's mass-i.e. taking P (M | EM) = δ(M − 1.338 M )-when using Eq. (13). Despite using a slightly different binary Love relation than Ref. [23] , we find a nearly identical moment of inertia constraint, I = 1.16
Furthermore, we infer the pulsar's tidal deformability to be 269
+439
−170 , and its radius as 11.0 +1.9 −1.5 km. This radius value is no different, within uncertainty, than that of a canonical 1.4 M star. PSR J1946+2052 is another especially promising candidate for a moment of inertia measurement, since it resides in the tightest double neutron-star system discovered to date [66] ; it is also the fastest-spinning pulsar with a neutronstar companion that will merge within a Hubble time. However, given its relatively recent discovery, the pulsar's mass has not yet been determined with precision-only an upper bound of 1.31 M exists. Nonetheless, if we model .
FIG. 5. Constraints on the mass-moment-of-inertia relationĪ(M ) from GW170817 and the universal relations.Ī(M ) relations
for a few reference equations of state, as well as the dimensionless moment of inertia inferred for the double pulsar by Ref. [23] , are also shown. In Table II , we report the inferred properties of these and several other pulsars in double neutron-star systems, such as PSR B1913+16, the Hulse-Taylor pulsar [67] . As with PSR J0737-3039A, we take their masses to be known exactly for the purpose of the calculation, except for the aforementioned case of PSR J1946+2052. The errors reported in the table therefore account for the approximate nature of the universal relations and the uncertainty in the Λ 1.4 measurement from GW170817. Although the pulsar masses are clustered in the small range of ≈ 1.3-1.6 M , the inferred 90% confidence intervals for the tidal deformabilities are distributed over an order of magnitude. The Λ uncertainties are typically lopsided, with larger error bars on the upper side, because the monotonically decreasing function Λ(M ) behaves roughly like 1/M , tending to a constant value at large M . For the moments of inertia, we find that they are typically constrained by GW170817 to ≈ 30% accuracy, with median values of ∼ 1 × 10 45 g cm 2 . Given the weak mass dependence of the radius for M ∈ [1, 1.93] M , the median radius for nearly all the pulsars in Table II is 
Millisecond pulsars
Precise mass and angular frequency measurements exist for a number of millisecond pulsars thanks to detailed studies of their regular radio pulses. Here we calculate their moments of inertia as a way to infer their dimensionless spins. We focus on a subset of the millisecond pulsars considered in Ref. [38] , and list their masses, angular frequencies and inferred properties in Table III . The subset includes PSR J0437-4715, the closest and brightest pulsar detected to date [75] , and PSR J1713+0747, one of the most precisely timed pulsars [76] .
We model the uncertainty in the pulsars' masses as Gaussian, converting the standard deviations reported in the original references listed in the table to 90% confidence intervals. With this model for P (M | EM), we follow the prescription of Sec. III for computing confidence intervals about the median moment of inertia. Overall, we find that the errors bars on I are slightly larger than for the double neutron stars in Table II on account of the broader mass uncertainties for the millisecond pulsars.
Incorporating the pulsars' known angular frequencies, we then infer the stars' dimensionless spins. We find that the universal relations permit χ to be inferred from GW170817 with ≈ 30% accuracy in an approximately equationof-state independent way. The fastest-spinning pulsar we consider, PSR J1909-3744, is found to have χ = 0.147
−0.031 . The astrophysical spin distribution for millisecond pulsars is known to extend up to at least χ ∼ 0.4 [77] , while binary neutron stars that merge within a Hubble time are expected to have much smaller spins χ 0.05 [23, 42, 43] . Hence, for comparison, we also infer the dimensionless spin for the pulsar components of the double neutron star systems listed in Table II . We find that the pulsars of this kind have dimensionless spin χ 0.04 at 90% confidence, while the millisecond pulsars in Table III have dimensionless spins below χ ≈ 0.20. One could systematize this dimensionless spin inference for all known pulsars to establish a virtually equation-of-state independent upper bound on the spin distribution, whose precision would improve as more gravitational-wave events are detected.
Because the universal relations used here were developed in the context of slowly rotating stellar models, one might suppose that they do not apply to rapidly rotating millisecond pulsars. However, Refs. [4, 78] showed that they also hold for stars in rapid uniform rotation, 4 despite earlier claims to the contrary [80] . In any case, for stars with moderate rotation (χ ∼ 0.1), spin corrections to the moment of inertia are negligible, as they enter at O(χ 2 ) ∼ 10 −2 . In addition, we note that our spin analysis depends implicitly on the assumption that the progenitors of GW170817 rotated slowly, with χ ≤ 0.05, through the priors adopted in Ref. [25] 's parameter estimation. The low-spin assumption is consistent with dimensionless spin estimates for the fastest-spinning pulsars in double neutron-star systems [23, 42, 43] . However, for a spin inference that is independent of this assumption, one could repeat the calculation with the upper bound Λ ≤ 1400 from Ref. [24] , which instead requires only χ ≤ 0.89 a priori. Indeed, this was done for the double pulsar in Sec. 5 of Ref. [23] .
Low-mass X-ray binaries
Neutron stars in X-ray binaries are the best candidates for electromagnetic radius measurements. Radius estimates for a few systems already exist, although their accuracy is a matter of some debate [39] . The most precise measurements involve thermonuclear bursters in low-mass X-ray binaries; by fitting for the spectrum of the thermal emission, which is related to the burst luminosity by a factor of the surface area, one can determine the radius from the observed flux [38] . Observations from the NICER mission are expected to place even tighter and more accurate constraints on neutron star radii via pulse profile modeling [85] .
For the time being, we focus on six bursters in low-mass X-ray binaries for which simultaneous mass and radius measurements exist [40] . In Table IV , we list the median and symmetric 90% confidence intervals for the neutronstar masses and radii extracted from the M -R posteriors associated with the electromagnetic observations. 5 (Note that the masses and radii reported in Refs. [38, 40] are given instead as maxima a posteriori with symmetric uncertainties at the 68% confidence level.) The confidence intervals are calculated from the marginal distributions P (M | EM) = P (M, R| EM) dR and P (R| EM) = P (M, R| EM) dM , respectively, with P (M, R| EM) constructed from the available posterior samples. Taking the calculated P (M | EM) as our mass prior in Eq. (16), we obtain a GW170817-based radius estimate for the neutron stars through the universal relations. The inferred radii are consistent with the R EM values obtained from the direct measurements via P (R| EM). This can also be seen in Fig. 6 , where-as an example-we overlay the 90% confidence contour of P (M, R| EM) for EXO 1745-248 on our R(M ) constraints. In Table IV , besides the inferred radius, we also show the tidal deformability and moment of inertia calculated for each burster. We note that, for the thermonuclear bursters considered here, the universal relations and GW170817 actually provide a more precise radius determination at the 90% confidence level than the direct observations, after marginalizing over the mass posterior P (M | EM).
V. MULTIMESSENGER CONSTRAINTS ON TIDAL DEFORMABILITY
Typical multimessenger probes of the neutron-star equation of state involve gravitational-wave and electromagnetic measurements of the same system. However, the universal relations provide a means to translate observations of low-mass X-ray binaries into quantities, like tidal deformabilities, that are normally measured via gravitational waves from binary neutron star mergers. The independent gravitational-wave and electromagnetic measurements can then be combined to tighten the constraints on the tidal deformability as a proxy for the equation of state.
We use the simultaneous mass and radius measurements for the aforementioned bursters in conjunction with GW170817 to improve knowledge of the canonical deformability, starting with EXO 1745-248 as an example. The symmetric 90% confidence intervals for its mass and radius, calculated from the M -R posterior samples associated with the electromagnetic observations, are given in Table IV . The uncertainty of ≈ 25% in its radius at 90% confidence is characteristic of the best current measurements; radius measurements with a better level of precision (≈ 15% at 90% confidence) are expected from pulse profile modeling with NICER [85] .
To infer the canonical deformability implied by EXO 1745-248's measured mass and radius, we link R and Λ 1.4 through the universal relations by combining the probability distributions (4), (7) and (10), such that
This amounts to using the fits (1), (5) and (8) successively to produce a function
while also accounting for the uncertainty in each universal relation. Equation (21) allows us to convert the probability distribution P (M, R| EM) constructed from EXO 1745-248's M -R posterior samples to a posterior distribution for the canonical deformability, P Λ1.4 (Λ 1.4 | EM). This posterior distribution is plotted in Fig. 7 . Calculating its median and symmetric 90% confidence interval, we find Λ 1.4 = 139 +284 −82 . In other words, the constraint R EM = 10.7 +1.9 −1.6 stemming from X-ray observations of EXO 1745-248 translates to these bounds on canonical deformability, as the universal relations map the mass-radius posterior P (M, R| EM) to the distribution P Λ1.4 (Λ 1.4 | EM) shown in the figure.
We subsequently repeat the EXO 1745-248 analysis for the other neutron stars listed in Table IV , obtaining posterior distributions P Λ1.4 (Λ 1.4 | EM i ) for bursters i = 1, ..., 6. We then combine these indirect constraints on Λ 1.4 with the direct measurement from GW170817, Λ 1.4 = 190 +390 −120 , to get joint electromagnetic and gravitational-wave constraints that are tighter than the individual measurements. The combined posterior distribution is computed as
by multiplying the likelihoods P (GW| Λ 1.4 ) and P Λ1.4 (EM i | Λ 1.4 ) with a chosen prior P (Λ 1.4 ), lending equal weight to each observation. The likelihoods are related to the posteriors by Bayes' theorem:
up to normalizations. The common prior P Λ1.4 (Λ 1.4 ) for the electromagnetic observations is calculated from Eq. (21) assuming a uniform distribution in M and R, i.e. replacing P (M, R| EM) with P (M, R) = constant. The mapping (22) is such that small values of canonical deformability are more likely a priori, despite the uninformative mass-radius prior. The prior P (Λ 1.4 ) in Eq. (23) is chosen to be identical to the one appearing in Eq. (24) for the gravitational-wave observation. Then, Eq. (23) reduces to . This joint posterior is plotted in Fig. 7 . As can be seen, the collective impact of the burster measurements is to substantially reduce the size of the error bars on Λ 1.4 relative to the gravitational-wave observation alone; meanwhile, the median is hardly changed. This is because most of the electromagnetic mass-radius measurements imply a smaller canonical tidal deformability than GW170817 a posteriori, thereby cutting off the long tail of P (Λ 1.4 | GW) that extends to large values of Λ 1.4 ; simultaneously, the bulk of the observations provide minimal support for Λ 1. 4 60. Hence, the incorporation of electromagnetic observations of neutron stars in low-mass X-ray binaries appears to disfavor some of the stiffer candidate equations of state that remained compatible with GW170817, while corroborating a canonical deformability of ≈ 200.
However, we remark that the combined constraint is only as reliable as the simultaneous mass and radius measurements themselves. Fig. 7 shows that the Λ 1.4 posteriors for 4U 1608-52 and KS 1731-260 are outliers relative to both the GW170817 posterior and the other burster posteriors. Since Λ 1.4 is a unique property of the equation of state, which is common to all neutron stars, the discrepancy among maxima a posteriori for the electromagnetic measurements indicates that the observations are not, in fact, equally accurate. As we have not accounted for possible systematic errors in the X-ray observations, it will be interesting to see whether this inference of Λ 1.4 is corroborated by future data from NICER.
VI. DISCUSSION
In this paper, we used universal relations and constraints on canonical deformability from GW170817 to bound the mass-tidal-deformability, mass-moment-of-inertia and mass-radius relations satisfied by all cold neutron stars. We found that the neutron star radius is constrained to be roughly constant for M ∈ [1, 1.93] M , with radii larger than 13.0 km ruled out at 90% confidence. The mass-radius relations that are compatible with GW170817 are also consistent with existing simultaneous mass and radius measurements for six thermonuclear bursters.
Moreover, we inferred tidal deformabilities, moments of inertia, dimensionless spins and radii for individual neutron stars of interest. The moments of inertia of a few double neutron stars were constrained to ≈ 30% accuracy at 90% confidence by GW170817 and the universal relations, while the canonical neutron-star radius was inferred as R 1.4 = 10.9 +1.9 −1.5 km. The dimensionless spins for a set of millisecond pulsars with well-measured masses were calculated to be 0.20, and those for a set of pulsars in double neutron star systems were found to be 0.04. The spin inferences presented here could be extended to the full population of pulsars with measured masses and rotational frequencies to obtain a spin distribution that is less dependent on equation-of-state modeling. The current ≈ 30% level of precision in the inferred spins will improve as more binary neutron star mergers are detected.
The gravitational-wave based predictions for the properties of specific neutron stars can be compared to direct electromagnetic measurements to test the universality of the neutron star equation of state. Recently, a number of candidate equations of state that generically violate the universal relations because of multiple first-order phase transitions or non-standard phases of matter have been proposed [19] [20] [21] [22] . Systematic disagreements between the moments of inertia or radii inferred here and those measured directly via radio or X-ray observations could be interpreted as evidence for such features in the equation of state. Alternatively, because the universal relations are different in some modified theories of gravity [12] , a discrepancy could instead indicate support for a modification to general relativity.
Finally, we investigated how the universal relations can be used to tighten the constraints on Λ 1.4 by combining a gravitational-wave measurement of tidal deformability with electromagnetic observations of neutron stars in low-mass X-ray binaries. Successively employing the binary Love, I-Love and I-compactness relations to create an equation-of-state insensitive R(M, Λ 1.4 ) relation, we mapped simultaneous mass and radius measurements into posterior probability distributions over Λ 1.4 , which were then combined with the corresponding posterior from GW170817. Based on the resulting joint distribution, we refined Ref. [25] 's canonical deformability constraint to Λ 1.4 = 196 +92 −63 at 90% confidence. This inference of Λ 1. 4 -the most precise to date-is consistent with many (e.g. [24, 25, 29] ), but not all (e.g. [30] ), previous GW170817-based estimates, and favors a decidedly soft equation of state.
As part of the calculation, we found that the most probable Λ 1.4 values derived from observations of different neutron stars are not mutually consistent, nor are they all consistent with the canonical deformability implied by GW170817. Indeed, the maxima a posteriori inferred from observations of 4U 1608-52 and KS 1731-260 are considerably lower than the most probable value indicated by the gravitational-wave event. Since the derived R(M, Λ 1.4 ) relation enables us to map disparate radius measurements to a common quantity, Λ 1.4 , regardless of the equation of state, and since that quantity can be measured independently using gravitational waves, the joint inference technique presented here may be useful in redressing systematic errors affecting current probes of neutron-star radii. In any case, additional gravitational-wave observations of binary neutron star mergers and more accurate radius measurements, like those expected from NICER, will permit the universal-relation based bounds on canonical deformability to be further refined.
over the N tabulated data points via a Levenberg-Marquardt algorithm. Here, i labels the piecewise polytrope segments and j labels the data points falling in the density range spanned by the i th segment. The fit is computed up to the critical density ρ max , the central density that produces the maximum-mass neutron star.
We first repeat the original analysis of Ref. [51] on SLY4, MPA1 and MS1b, which are examples of soft, moderate and stiff equations of state, respectively. As can be seen by comparing the results in Table V to Table III of Ref. [51], we find comparable values for the fit residual. The fit parameters agree to better than 3%. The neutron star properties M max (maximum mass), R 1.4 (canonical radius of a 1.4 M star), and I 1.338 (moment of inertia of a 1.338 M star, like PSR J0737-3039A) are also in good agreement, with < 1% difference. Having established that our fitting routine is consistent with Ref. [51] 's, we proceed to analyze our unified equations of state.
The results of the fits are presented in Table V . The maximum masses computed for the piecewise polytropes are found to agree to within 1% with the values computed for the tabulated equations of state in virtually all cases. Similarly, the canonical radii are accurate to better than 1% on average. We remark that the mean error in the maximum mass is smaller for our unified equations of state than for those investigated by Ref. [51] ; however, the mean error in the canonical radius is larger, while the standard deviation of the error is smaller in both cases. This leads us to conclude that a piecewise polytrope representation of the RMF and SHF equations of state is suitable for astrophysical calculations, but that the replacement of the unified crust equation of state with the fixed SLY4 crust slightly affects the computed radius. Nonetheless, the canonical radius is still recovered to a good approximation. Given the accuracy of the piecewise polytrope models for the unified equations of state, we adopt this representation for our integrations of the equations of stellar structure. 
